Linear arrays of 15 nm thick, polycrystalline Co 91 Fe 9 nanoelements have been fabricated using e-beam lithography, collimated sputtering and lift-off. The elements have widths of 0.17 and 0.25 µm, lengths from 0.5 to 4 µm, pointed ends, and center-to-center spacing of 0.5 µm.
I. INTRODUCTION
Spin-related transport phenomena are the subject of intense study, due to their intrinsic interest and their technological applications. 1 It is natural to apply the experimental tools of mesoscopic physics to study the length scales associated with these phenomena. Such experiments require magnetic elements with controllable magnetic properties. For example, elements might be required to have high spin polarization, be single domain with a known axis of magnetization, and have switching fields that can be varied for different structures fabricated in the same process step. These needs dovetail nicely with those of industry. 2 In recent years, arrays of magnetic nanostructures have been the subject of increasing study due to their application in ultra-high density recording media. 3, 4 There, it is important that the magnetic properties be determined predominantly by the particle shape, thereby reducing particle-to-particle variation due to factors such as grain structure or random magnetocrystalline anisotropy.
Our approach to producing elements with consistent, controllable magnetic properties was to choose an appropriate magnetic material and then introduce a strong shape anisotropy. Co 91 Fe 9 was chosen due to its desirable thin-film properties: FCC crystal structure, 5 low crystalline anisotropy (hence in-plane magnetization), high moment, and moderate coercivity (30 Oersted at 10 K). High-quality films can be produced by dc sputtering, a process which can be made compatible with our e-beam lithographic patterning. 6 Previous studies of other magnetic materials have shown that small, acicular nanostructures with tapered ends are most likely to be single-domain, due to suppression of the flux closure domains present in flat-ended structures. 7 In this work, we employ magnetic force microscopy to determine the domain structure and switching fields of Co 91 Fe 9 nanoelements of various sizes, and investigate the fabrication steps necessary to produce consistently singledomain elements.
II. SAMPLE PREPARATION
We used a bi-layer e-beam lithography process to create a pattern for the nanoelements. After developing the e-beam pattern, 15 nm thick Co 91 Fe 9 films, some capped with 5 nm thick Au layers, were deposited by collimated sputtering at low pressures (< 0.9 x10 -3 Torr) and low substrate temperatures (-30 °C < T < 0 °C). A collimating body, with a height (20 mm)-to-diameter (2 mm) ratio of 10:1 was used to ensure a vertical deposition profile and minimal deposition on the side-wall resist. Though the use of the collimating body reduces the Co 91 Fe 9 deposition rate to about 0.3 Å/s, the method is acceptable given the low thickness of the structures and the clean conditions of our sputtering chamber (2.0 x10 -8 Torr of base pressure). Low substrate temperatures were used to avoid damaging the resist during sputtering.
III. MAGNETIC CHARACTERIZATION AND DISCUSSION
Figures 1(a) and (b) show atomic force microscopy (AFM) and phase-mode magnetic force microscopy (MFM) images of linear arrays of Au-capped Co 91 Fe 9 elements in their virgin magnetic state. These are 0.25 µm and 0.17 µm wide elements of different lengths (4, 2, 1 and 0.5 µm) and with 0.5 µm center-to-center spacing (the exceptions are the 0.25 x 4 µm elements, which have 0.7 µm center-to-center spacing). The MFM image of figure 1(b) shows a strong white-black endcontrast in all our elements, indicating that they are singledomain. 8 The importance of the Au capping layer is demonstrated in Fig. 1(c) , which shows unprotected Co 91 Fe 9 nanoelements. Without protection, all of the 0.25 µm wide elements break up into multiple domains, while most of the 0.17 µm wide elements remain single-domain. It has been shown previously that unprotected structures are only single domain below a certain width (150 nm for Ni bars). 9 Comparison of Figs. 1(b) and (c) shows that the Au capping layer effectively extends the range of sample widths that result in single-domain structures. SQUID magnetometry of unpatterned films shows that unprotected samples exhibit widened hysteresis loops and lower saturation magnetization relative to those for films with an adequate capping layer. We believe that surface oxidation, probably CoO, is responsible for both the SQUID and MFM results on uncapped samples. Au and Al have both been used successfully as capping layers on Co 91 Fe 9 .
The switching field was determined by removing the sample from the MFM, applying a magnetic field parallel to the long axis of the elements, and then returning the field to zero. First, a field of 880 Oersted was applied in one direction (up on the page) to align all the elements, a subset of which is shown in Fig. 2(a) . Second, to deduce the switching fields of the elements, successively larger fields were applied in the direction opposite (down) to the first. Before each of the down fields was applied, the large aligning field was applied in the up direction. MFM images were captured in zero field after each down field value. Fig. 2(b) shows the same areas of the sample as Fig.  2(a) , but after the application of a field of 440 Oersted down. Note that many of the 0 .25 µm elements have flipped, while none of the 0.17 µm elements has flipped. Fig. 2(c) shows the same areas again, but after a field of 528 Oersted in the down direction. Here, all of the 0.25 µm elements have flipped, while very few of the 0.17 µm elements have. Fig. 3 shows the results for many field values, averaged over the 10 elements of each size. The plot shows the fraction of elements of a given size that flipped after application of a particular field value. The striking feature of the plot is the complete separation of the elements into two groups, based on particle width. Within each group, the elements flip in an order based on their length, the shortest and the longest flip first, then the middle two lengths. These data demonstrate clearly that the switching field is not determined by aspect ratio, as one might expect from shape anisotropy alone. A strong width dependence of the switching field has been observed previously in Co and Ni bars, 10 as well as in micromagnetic simulations. 11 It was pointed out by Ruhrig et al. 12 that a strong width dependence might be expected if magnetization reversal occurs via the formation of a small "reversing" structure at the end of the element. In a later work, however, it was demonstrated using high-resolution Lorentz imaging that magnetization reversal in structures with pointed ends does not occur via domain formation at one of the ends, but occurs very suddenly with increasing applied field. 13 The argument that magnetization reversal is initiated only at the ends would also imply that the switching field is independent of sample length. This does not explain the non-monotonic length dependence we observe, which has also been observed in Co and Ni bars. 10 Chou et al. 10 speculated that the magnetization reversal in short bars is "quasi-coherent", presumably meaning that the whole bar switches at once, while longer bars break up into domains during switching.
Until now, we have avoided the question of magnetostatic interaction between adjacent elements in an array. Our initial intent was to place the elements far enough apart so that interactions would be relatively weak. One can estimate the magnetic field at the center of an element due to its nearest neighbor, with the approximation that each element has uniform magnetization, hence the external field can be calculated from free poles at the ends. Under those assumptions, the maximum field occurs for a length-to-spacing ratio of √2, and has a value of about 10 Oe assuming a magnetization density in our nanoelements of pure, bulk Co. If interaction were important for switching, one might expect larger dispersion in the switching fields of the 1.0 µm long elements relative to the others, i.e. the first ones to switch would do so at lower fields while the last ones to switch would do so at higher fields. Such an increase in the dispersion of the switching fields has been observed for very closely spaced samples where interaction plays an important role. 7 The length dependence of our switching data suggest that interactions do not play a major role. Nevertheless, the MFM images of our samples in the virgin state, Fig. 1(b) , show that the magnetic dipoles of the longest single-domain elements (4 µm long) align parallel to each other, while the shorter elements appear to be randomly oriented. This could be due to a small magnetic field (≈ 5 Oe) present in the sputtering system, which influences the magnetization direction during the early stages of the deposition. If that is the case, then perhaps the shorter elements resist aligning parallel to each other due to their mutual magnetic interaction. Clearly the issue of interaction requires further work.
IV. SUMMARY
We have fabricated single-domain Co 91 Fe 9 nanoelements by a combined used of e-beam lithography and collimated sputtering deposition. A capping layer of Au or Al ensures that elements as wide as 0.25 µm are single domain. These results help extend the study of magnetic nanoelements to include magnetic alloys deposited by sputtering. The switching fields of our elements increase with decreasing width, and vary slightly but non-monotonically with length. Both of those results are consistent with previous studies of other materials.
